Quantitative knowledge of the acoustic response of rock from an injection site on supercritical CO2 saturation is crucial for understanding the feasibility of time-lapse seismic monitoring of CO2 plume migration. A suite of shaley sandstones from the CRC-2 well, Otway Basin, Australia is tested to reveal the effects of supercritical CO2 injection on acoustic responses. The sandstone samples were cut in different directions with respect to a formation bedding plane and varied in porosities between 14% and 29% and permeabilities between 0.2 mD and 10,000 mD. Pore pressures and temperatures were varied from 4 MPa to 10 MPa, and 23°C to 45°C respectively to cover both vapour and supercritical regions of CO2 phase diagram. CO 2 is first injected into dry samples, flushed out with brine and then injected again into brine saturated samples. Such experimental protocol allows us to obtain acoustic velocities of the samples for the wide range of CO2 saturations from 0 to 100%. On injection of supercritical CO 2 (scCO 2 ) into brine-saturated samples, they exhibit observable perturbation of ~7% of compressional velocities with the increase of CO 2 saturation form 0% to maximum (~50%). Changes of the dry samples before and after the CO 2 injection (if any) are not traceable by acoustic methods. An applicability of implementation of fluid substitution using Gassman theory for CRC2 well has been proved in the experiments. CO 2 Residual saturation of about 50% was measured by monitoring of the volume of brine displaced from the sample and was independently confirmed by computer tomography (CT) imaging of the sample before and after experiments.
Introduction
Geologic sequestration can be considered as one of the most favourable mitigation strategies against the negative effects of atmospheric greenhouse gases, in particular carbon dioxide [1] . An ongoing project in the Otway basin, in Victoria, South Eastern Australia, is demonstrating the feasibility of geological storage of CO 2 in depleted fields and deep saline formations. Stage one of the CO2CRC Otway Project commenced in 2008 and has shown that CO 2 can be safely transported, injected and stored in a depleted gas field using a variety of monitoring techniques to verify containment [2, 3] . The second stage of the CO2CRC Otway Project comprises a field scale residual saturation and dissolution test followed by injection of a small volume (10,000-30,000 tonnes) of CO 2 rich gas into a saline aquifer.
Laboratory measurements on available core samples provide petrophysical and geomechanical properties of the reservoir and can be used for the calibration of seismic data. Quantitative understanding of the acoustic response of sandstones from the injection site on complete or partial saturation with supercritical CO 2 (scCO 2 ) is important for time-lapse seismic imaging of CO 2 plume migration. As the injection of scCO 2 can potentially cause some alteration or damage of the constituent rocks, acoustic responses before and after the CO2 injection have to be tested on the core samples.
There is number of papers in which CO 2 injection into reservoir sandstones was studied. CO 2 injection into hexadecane-saturated sandstones and samples elastic responses was studied in [4] . CO 2 injection effects on the P-wave velocity and deformation of water-saturated Tako sandstone was reported in [5] . Experimental results of acoustic P-wave tomography for monitoring and quantification of supercritical CO 2 saturation during injection into brine-saturated Tako sandstone are described in [6] . Gaseous and scCO 2 were injected into water-saturated sandstone under controlled pressure and temperature conditions and the dependency of P-wave velocity and attenuation on saturation were monitored in [7] . A comprehensive study of scCO 2 injection into brine-saturated sandstone using computer tomography methods was performed in [8] . Long term effect of brine/scCO 2 on the mechanical properties of sandstones was reported in [9] . Recently, first measurements on samples from the CRC-1 well in the Otway Basin, Australia were reported [10] .
In this work, we investigate effects of scCO 2 on the acoustic properties of five rock samples extracted from the CRC-2 well. This study is designed to answer three main questions: (a) What are the elastic calculate the elastic properties of saturated sandstone using standard laboratory measurements on the dry sample; (b) How will CO2 injection change acoustic velocities; and (c) Will it cause any damage in the host rock? CO2 is injected into either dry or brine saturated samples, which allowed us to obtain the acoustic velocities of the samples for the whole range of CO 2 saturations from 0 to 100%.
Sample description
Measurements were taken from a total of five sandstone core plug samples from the CRC-2 well. These core samples were extracted from the proposed injection interval (from 1442 to 1529 m) in the Paaratte formation, the Otway Basin. The formation itself comprises of a thick sequence of deltaic and shallow marine sediments which contain a succession of interbedded fine-to-coarse-grained quartz sandstones (potential reservoirs) and carbonaceous mudstones (baffles or seals). Five samples representing different facies were taken from the centre of the potential reservoir in order to investigate the effects of geological heterogeneity. The helium porosities and permeabilities of the samples were measured by an Automated Porosimeter (Coretest Co.) and Permeameter (AP-608) and are shown in Table 1 along with other petrophysical properties. The porosities vary from 14% to 25% and the permeabilities widely scatter from 0.2 mD to 10 000 mD. Sample 1442.1 consists of a homogeneous sandstone with only a few laminations parallel to the bedding plane. This porous and permeable sandstone contains well sorted, fine to medium, rounded grains of predominately quartz, minor feldspar and mica matrix with kaolinite and chlorite clay as a weak cement. Sample 1500.83 is also fine-grained and well-sorted quartz sandstone, but with the occasional mottled structure from bioturbation (sand filled burrows) and small quartz pebbles. It exhibits some gradational bedding and fine cross-bedded lamination. Sample 1509.6 contains a distinct wavy carbonaceous lamination within a medium-, to very course-grained cross-stratified sandstone. Mica-rich clays, and coaly flakes are common within the quartz, feldspar and sandstone matrix. Sample 1513.82 is of a cemented sandstone. The original fabric is a very fine, to fine-grained clean quartz sandstone, but dolomite pervades throughout the pore space coating grains and reducing the porosity. Sample 1526.9 is from the Skull Creek Mudstone below the reservoir. It is poorly laminated to apparently structureless and contains abundant cm-scale, rounded to sub-rounded pyrite nodules and intense bioturbation.
Experiment
The rock physics tests were conducted using a triaxial (Hoek) high pressure cell with a capacity of up to 70 MPa, with capability for measurements of up to 150 MPa axial load, 70 MPa confining pressure and up to 20 MPa pore pressure. Confining (P conf ) and axial (P ax ) pressures were applied to the jacketed sample and were controlled using hydraulic hand pumps. The error in pressure determination was less than 0.25 MPa. In these tests, axial pressure was equal to confining pressure. The core flooding equipment comprises of a CO 2 cylinder, a CO 2 syringe pump, a high pressure cell, an ultrasonic system and a pump for brine injection. The temperature range is varied from room temperature up to 80°C.
ioxide in vapour or supercritical phases (scCO 2 ) was injected into the sample using syringe pump (ISCO-Teledyne). The scCO 2 was then transported via heated pipes into the high pressure cell. To maintain pore pressure inside the sample during testing, a relief valve was installed in the outlet of the pressure cell. Syringe pump, tubes, and high pressure cell were heated and maintained at a temperature of 45 ± 0.3°C
The ultrasonic system performs precise measurements of compressional (P-) and shear (S-) waves in -wave and S-wave, were recorded at each effective pressure (P eff ). Effective pressure (P eff ) is defined as P eff =P conf -pore (1) -matrix interaction, which generally can be not a case for scCO 2 fluids). Nominal pulse centre frequency of transducers was 0.5 MHz for both P and S waves. Ultrasonic pulses were generated and signals were recorded using a 5077PR Pulser and Receiver unit (Panametrics) and were registered using digital oscilloscope TDS3031 (Tektronix). * Estimation from log data ** H and V mean that the sample is cut parallel or normal to bedding, respectively.
Ultrasonic velocities are measured for dry samples (i.e. with air as a pore fluid inside sample), fully saturated with brine (salinity of brine used is 1500 ppm of 50% NaCl and 50% KCl, which is typical for the field conditions), fully saturated with scCO 2 , and during scCO 2 injection into brine saturated samples. All experimental system is heated heated up to 45 °C.
Residual scCO 2 saturation in the sample is estimated by measuring the amount of brine volume removed (and collected) from the sample. The total amount of CO 2 stored in the sample (the volume of scCO 2 and amount of CO 2 dissolved in the brine) is estimated by weighing the sample after the CO2 injection and at the end of the experiment when the pore pressure reduced and the CO 2 released from the sample.
Computer tomography (CT) was used to observe damages of the sample by flooding, to determine porosity map and obtain a distribution of brine after experiments. Samples were scanned at ambient conditions using a medical CT scanner (Toshiba) with spatial resolution of 1mm x 1mm x 1mm, distance between scans was 1 mm. Samples were scanned before experiments (dry sample), after CO 2 injection into brine and in 100% brine saturated conditions. No any additives in order to increase X-ray adsorption were dissolved in the brine, in order to avoid any chemical reactions of such additive with rock matrix to keep samples undamaged. Image processing was done using open software ImageJ.
Result and discussion
The obtained results are illustrated hereafter on the 1500.83 sample but the detailed description of the results acquired on other samples is given. Figure 1 shows ultrasonic P-and S-velocities measured on the dry and brine-saturated 1500.83 sample at different confining and pore pressures. The results are presented against the effective pressure. Velocities measured on dry sandstones at stresses of 10 20 MPa exponentially saturate by a linear trend that is observable at higher stresses. Such stress dependencies are typical for sandstones and can be empirically described with relations [11] , explained theoretically with the dual-porosity model developed at [12] and confirmed in a number of works afterwards [13, 14] . Laboratory measurements and field data (log) are shown in the Fig. 2 . Experimentally measured velocities are in a good agreement with velocities calculated from dry ding. It is worth noting that while for effective pressures above 20 MPa the differences between velocities measured on saturated measured for lower stress d with the local squirt theory [15] which predicts increase of rock elastic moduli at ultrasonic frequencies. At the ultrasonic frequencies used in the experiment (0.5 MHz), local pressure has no time to equilibrate between equant pores with aspect ratios of ~1 and the ultra-thin pores with aspect ratios of less than about 0.001 These ultra-thin pores are also compliant and typically get closed at low effective stresses (~20 MPa for the samples of interest) and so at the higher stresses local squirt does not affect elastic properties anymore and velocities of saturated rock can be calculated from the measurements on dry samples using overestimate P-wave velocities experimentally measured on the brine saturated sample 1442.1, which is cut parallel to bedding. This sample is first saturated with gaseous CO 2 that becomes supercritical when the pore pressure is increased and reaches 9.3 MPa. The pressure is then the velocities measured on the saturated sample can be explained by the fact that the sample is rich in weak clay cement which could be overdried and destroyed with CO 2 injection and the subsequent pore pressure increase. At the same time, S-wave velocity changes are in a good agreement with the predicted changes due to change in density and do not exhibit any damage.
Ultrasonic velocities measured during the injection of scCO 2 into a brine saturated sample at confining stress of 30 MPa and pore pressure of 9.3 MPa are shown in Figure 3 for samples 1500.83 and 1442.1. For both samples, 1442.1 and 1500.83, scCO2 saturation up to ~50% is reached; the velocities at 100% of scCO 2 saturation are taken from the previous experiment on the injection of scCO 2 into a dry sample. In the case of sample 1500.83, the compressional velocity decreases almost linearly with the increase of scCO 2 saturation. At the maximum saturation of ~50% reachable at this experiments, V P still exceeds Pwave velocity at 100% scCO 2 saturated sample on about 50 m/s. The overall increase in shear velocity is caused by density decrease and does not exceed 70 m/s or ~4% of the initial S-wave velocity. For sample 1442.1 the compressional velocity remains constant up to the scCO 2 concentration of about 20% and then abruptly drops. With the further increase of scCO 2 saturation from 30% to 100%, the velocity does not change (within the accuracy of experimental measurements). The overall drops in compressional velocities when the scCO 2 saturation increases from 0 to 50% is ~7% for both samples and with the further increase of the scCO 2 saturation, V P drops 0% and 3% for samples 1442.1 and 1500.83, respectively. The changes in ultrasonic velocities due to the scCO 2 saturation are noticeably different for these two samples. It is worth noting that the orientation of the samples is different, namely, sample 1442.1 is cut parallel to the bedding plane while sample 1500.83 is cut perpendicular to it.
Finally, compressional and shear velocities of the dry sample 1500.87 before and after the CO2 injection are shown in Fig. 4 . The observed changes are small and within the experimental errors. This fact shows that scCO 2 injection in this sample has caused no damage or alteration or this alteration is not detectable by acoustic methods. Dry velocities after the CO 2 injection have been measured for one sample only and further measurements are necessary to verify this conclusion. Residual CO 2 distribution, which is an inverse of a brine distribution, for each slice was obtained by subtracting images obtained after CO2 injection from the images of 100% brine saturated sample. Residual CO 2 distribution in the sample is presented in the Fig. 5 b) . Brighter colours show the parts with more CO 2 saturation. Combined 3D image of CO 2 saturation is presented in the Fig. 5 d) . It was qualitatively observed that pores in the sample are distributed not homogenously, but formed more porous and less porous areas parallel to bedding. CO 2 saturation (volume of CO 2 / total volume of pore) of more porous parts is higher than less porous. Such non-homogeneous distribution of brine and CO 2 inside sample can lead to dramatic increasing of attenuation of waves [16] which was observed in this work and will be studied in details in the future.
Conclusions
Supercritical CO 2 injection experiments are carried out a suite of shaley sandstone specimens from the method to brine (for four out of five samples) and to scCO 2 (for both tested samples). On injection of scCO 2 into brine-saturated samples, they exhibit observable perturbation of ~7% of compressional velocities with the increase of CO 2 saturation form 0% to maximum (~50%). Finally, the acoustic velocities measured on the dry samples before and after the CO 2 injection show no noticeable difference, which implies no damage or alteration due to the injection. 
